The present work was performed on A413.1 alloy containing 0.2-1.5 wt% rare earth metals (lanthanum or cerium), 0.05-0.15% Ti, and 0-0.02 wt% Sr. These elements were either added individually or combined. Thermal analysis, image analysis, and electron probe microanalysis were the main techniques employed in the present study. The results show that the use of the depression in the eutectic temperature as a function of alloy modification cannot be applied in the case when the alloy is treated with rare earth metals. Increasing the concentration of RE increases the solidification zone especially in Sr-modified alloys leading to poor feeding ability. This observation is more prominent in the case of Ce addition. Depending upon the amount of added Ti, two RE based intermetallics can be formed: (i) a white phase, mainly platelet-like (approximately 2.5 m thick), that is rich in RE, Si, Cu, and Al and (ii) a second phase made up of mainly grey sludge particles (star-like) branching in different directions. The grey phase is rich in Ti with some RE (almost 20% of that in the white phase) with traces of Si and Cu. There is a strong interaction between RE and Sr leading to a reduction in the efficiency of Sr as a eutectic Si modifier causing particle demodification.
Introduction
Rare earth elements such as La, Ce, Nd, Y, and mischmetal are reported to be capable of modifying the eutectic structure in Al-Si alloys. Modification with RE elements was explained by Sharan and Saksena [1] using the critical growth temperature hypothesis, in which the modifying element should exhibit a tendency to form compounds with the precipitating phase (Si) at a temperature below the normal eutectic temperature, and should also exhibit little compound-forming tendency with the solvent phase ( -Al). Lanthanum (La) meets these requirements, but Ce and Nd satisfy them only partially. In addition, RE elements satisfy the minimum criteria such as atomic radius, melting point, vapor pressure, and free energies of oxide formation, thus exhibiting the capability to modify the eutectic Si. Rare earth elements have been added to Al-Si alloys in the form of mischmetal (MM), a mixture of rare earths found in nature, and also in the form of specific rare earth metals and fluorides.
The main role of rare earth (RE) metals as modifiers is to change the mode of growth of the eutectic silicon. Lanthanum is the most powerful of its kind. Microadditions of RE should be enough to modify the eutectic Si particles provided that a critical cooling rate is reached. RE-treated alloys can maintain the modified structure much longer than Na-treated alloys. A reliable and persistent eutectic modification effect can be obtained with rare earth addition [2] [3] [4] [5] [6] . However, the minimum amount of rare earths necessary to obtain proper modification is exceptionally large. Ye et al. [6] showed that both as-cast grain size and secondary dendrite arm spacing were decreased by adding cerium (Ce) and lanthanum (La) metals. They also reported that the intermetallic compound Fe 2 SiAl 8 was replaced with four main rare earth compounds, Ce 5 Si 3 , La 5 Si 3 , Al 10 Fe 2 Ce, and Al 10 Fe 2 La, with the addition of the two RE metals.
It has been observed that, with increasing mischmetal addition, coarse silicon plates in A356 alloy convert first into fine plates and then finally into globular particles at about 2 Advances in Materials Science and Engineering 1.0% MM addition. Small additions do not seem to be effective, and depression to the temperature of globular growth is possible only with about 1.0% addition. Rare earth elements also have a modification effect on the -Al in the microstructure. By comparing the as-cast microstructure of the alloy containing 1 pct MM, with that of the unmodified alloy, it is evident that MM addition reduces the secondary dendrite arm spacing (DAS) [7] [8] [9] [10] .
As the rare earth addition level approaches 2%, some primary dendrite refinement (reduction in secondary dendrite arm spacing) becomes apparent [6, 11, 12] . This is attributed to an alloying effect and is not significant enough to be considered as a practical means of reducing secondary dendrite arm spacing. The silicon phase modified by rare earth exhibits the same changes in crystallographic structure as achieved through modification with sodium. In both cases, the silicon phase changes from growth in the ⟨211⟩ directions to growth in the ⟨100⟩ directions, where it develops a refined, rounded, and interconnected morphology. Ye et al. [6] report that, during solidification, the eutectic undercooling increases up to 15 K at 1 pct MM addition and up to 25 K at 2 pct addition. This enables more nuclei to form and result in a finer structure (DAS as well as eutectic silicon). However, their investigations indicate that the addition of MM beyond 1 pct does not reduce the DAS; instead, it increases it to the same level as in the base alloy.
Cerium [13, 14] is reported to have only 0.05 wt pct solid solubility in aluminum, while La does not have measurable solid solubility. Only a very small fraction of the Ce and La contents of mischmetal goes into solution. A greater part concentrates ahead of the interface during solidification to produce constitutional supercooling, and, hence, the dendrite structure of the alloy is refined [6] . The eutectic undercooling in the same alloy is increased by as much as 25 K, with an increase in MM addition up to 2 pct, and complete modification is obtained. Sharan and Saksena [14] have also shown that the separate addition of 0.75% Ce and 0.05% La leads to partial modification of the microstructure, while complete modification is produced with the addition of 0.2% lanthanum fluorides.
The present study is part of an ongoing long-term research program initiated by the present authors in order to establish the interactions between the rare earth metals and both Sr and Ti and how these interactions would control the microstructure constituents of the A413.0 alloy solidified at a near equilibrium rate.
Experimental Procedure
The A413.0 casting alloy used in this study was supplied in the form of 12.5 kg ingots. The chemical composition of the base alloy used for this research is listed in Table 1 . In order to obtain the cooling curves and to identify the main reactions and corresponding temperatures occurring during the solidification of A413.1 alloys, thermal analysis of all alloy melts prepared was carried out. Ingots of the as-received commercial A413.1 alloy were cut into smaller pieces, cleaned, and then dried to prepare the required alloy compositions. The melting process was carried out in a cylindrical graphite crucible of 2 kg capacity, using an electrical resistance furnace; the melting temperature was maintained at 750 ∘ C while alloying elements were added, as shown in Table 2 . Rare earth metals were added in the form of Al-15 wt% RE, whereas Ti and Sr were added in the form Al-5 wt% Ti-1 wt% B and Al-10 wt% Sr master alloys, respectively.
A high sensitivity type-K (chromel-alumel) thermocouple, which has to be insulated using a double-holed ceramic tube, is attached to the centre of the graphite mold. The temperature-time data is collected using a high-speed data acquisition system linked to a computer system to record the temperature-time data every 0.1 seconds. Figure 1 shows a schematic representation of the graphite mold (heated at 600 ∘ C) and thermal analysis set-up. From this data, the solidification curves and the corresponding first derivative curves for a number of selected alloys were plotted so as to identify the main reactions occurring during solidification with the corresponding temperatures.
The microstructures were examined by means of a Leica DM LM optical microscope. The grain-size measurements were carried out using a Clemex image analyzer in conjunction with the optical microscope. The grain size was obtained from the average of 200 measurements taken over 20 fields (10 measurements per field) at 100x magnification for each alloy sample. Phase identification was carried out using an electron probe microanalyzer (EPMA) in conjunction with energy dispersive X-ray analysis (EDX) and wavelength dispersive spectroscopic analysis (WDS) where required, integrating a combined JEOL JXA-8900l WD/ED microanalyzer operating at 20 KV and 30 nA, where the size of the spot examined was ∼2 m.
Results and Discussion

Solidification Curves.
Solidification kinetics of an unmodified and Sr-modified near-eutectic Al-Si alloy were analyzed by Aparicio et al. [16] who found that there are changes in the solidification rate during eutectic nucleation followed by similar solidification rate evolutions during growth, suggesting that this parameter is governed principally by the heat extraction conditions. The work of Hengcheng et al. [17] on the effects of Sr and solidification rate on eutectic grain structure in an Al-13 wt% Si alloy revealed that the characteristic temperature of eutectic nucleation ( N ), the minimum temperature prior to recalescence ( M ), and the growth temperature ( G ) during cooling as determined by quantitative thermal analysis are continuously decreased with increasing Sr content. As mentioned previously, Nogita et al. [18] reported that all rare earth elements had some effect on the eutectic silicon; however, europium was the only element to cause fully modified, fine fibrous silicon, whereas the other elements only produced a minor refinement of the plate-like silicon morphology. Ferdian et al. [15] . studied the effect of cooling rate on the eutectic modification in 356 alloy. Figure 2 shows the parameters taken from thermal analysis cooling curves for characterizing the (Al)-Si eutectic arrest according to the authors: minimum eutectic temperature ( e,min ), maximum eutectic temperature ( e,max ), and recalescence (Δ e ). In the case of no recalescence, e,max was obtained as the temperature for which the absolute value of the cooling rate (time derivative of the cooling curve) was highest.
e,max is the eutectic depression, where R is the equilibrium eutectic temperature calculated using an equation obtained by updating the one proposed by Mondolfo [19] :
Si ⋅ (4.59 ⋅ Mg + 1.37 ⋅ Fe + 1.65
Applying this equation for the present alloy shows that R for A413.1 is about 574 ∘ C. Figures 3-5 demonstrate the thermal parameters of the 11 alloys used in the present work without (Figure 3(a) ) and with 80 ppm Sr (Figure 3(b) ). In the absence of Sr, the minimum depression in eutectic temperature is about 1 ∘ C and maximum (1.5% La + 1.5% Ce) is about 3 ∘ C. The addition of 1.5 wt% RE resulted in increasing the alloy solidification point by about 12 ∘ C. The increase in the melting temperature is mainly due to the presence of Ce. The observed increase in melting point is independent of the addition of Sr (Figure 4(a) ). Considering the change in the eutectic temperature, modification with 80 ppm Sr (Figure 3(b) ) caused depression in the eutectic temperature by about 7 ∘ C. Addition of La or Ce up to 1.5 wt% is associated with fluctuation in the depression in the eutectic temperature by about ±1.5 ∘ C (Figure 4 ) to that obtained from the base alloy with 80 ppm Sr ( Figure 5 ). Thus, it is difficult to use the well-established concept of the depression in the eutectic temperature [20] when the alloy is treated with RE. It is interesting to note that, with addition of about 3 wt% RE, the eutectic temperature rose by about 4 ∘ C which may be due to RE-Sr interaction.
Microstructural Evolution
Grain Refining and Intermetallic Phases.
In Al-5% Ti-1% B master alloy with Ti/B > 2.22, Ti in excess of TiB 2 stoichiometry goes into solution and is expected to behave in a similar fashion to that of Al-Ti master alloys. Although the nominal Ti addition levels for the Al-5Ti-1B and Al-10Ti grain refiners would be the same in a melt, they represent different Ti solute levels. All of the Ti from Al-10Ti forms solute (after the Al 3 Ti intermetallic particles dissolve), whereas only about 56% of the Ti from the Al-5Ti-1B forms solute, the remainder being tied up in the TiB 2 particles [21] . From the observation of preferential precipitation of Ti(Al 1− ,Si ) 3 on TiB 2 , it appears that both Ti and Si have an affinity to segregate onto the TiB 2 surface [22] .
Easton and StJohn [23] proposed that the optimum chemical grain refiner needs to include both solute titanium (with its very high growth restriction factor, GRF) and nucleant particles (e.g., TiB 2 or TiAl 3 ) in order to produce effective grain refinement. For this reason, the Al-5Ti-lB type of refiner is extremely effective. The GRF of any solute element is given by the factor, o ( − 1), where is the gradient of the liquidus line in the binary alloy phase diagram, o is the concentration of the solute in the alloy, and is the partition coefficient. Figure 6 is the microstructure of the base alloy modified with 80 ppm Sr. The secondary dendrite arm spacing is about 87 m; note the presence of -Al 15 (Mn,Fe) 3 Si 2 within theAl. The effect of the addition of grain refiner on the grain size and distribution is shown in Figure 7 . It is clear that the use of grain refiner in the amount of 0.15 wt% Ti resulted in wellrefined grains with homogeneous distribution throughout the matrix. Figures 8 and 9 are backscattered electron images of Laand Ce-containing alloys, respectively. Two main observations can be made:
(i) For a given Ti content, it is difficult to distinguish between La-and Ce-containing phases since both elements produce similar morphologies (atomic weights of La and Ce are 58 and 59, resp.). (ii) Increasing the amount of added Ti resulted in the formation of a large volume fraction of sludge (grey phase). illustrated in Figure 10 (b) exhibiting the branching of the grey phase particles in different directions. Figure 11 (a) is the EDS spectrum obtained from the white phase in Figure 8 (a) revealing reflections due to Al, La, Si and Cu with traces of Fe. In the case of high Ti containing alloy (Figure 8(b) ), the corresponding EDs spectrum (Figure 11(b) ) reveals only three peaks caused by Al, La and Ti, indicating that these phases are having two distinct chemical compositions as well as precipitation temperatures. Table 3 shows the chemical composition of the two phases (at%) and approximate chemical formula. Table 4 Figure 10 : Backscattered electron images of (a) the white phase in Figure 8 (a) revealing its plate-like shape, and (b) the grey sludge phase in Figure 8(b) . The two straight arrows pointing towards each other in (a) simply highlight the thickness of the platelet-like phase and the curved arrow that links the label 2.5 m to the platelet indicates the actual thickness. decrease in the average size of the Si particles (TE10 and TE11 alloys) compared to the base alloy TE. Increasing the RE concentration tended to eliminate the modification effect of RE leading to an increase in the eutectic Si particle size-see, TE9 alloy. The demodification effect of the RE addition is more clear in Table 4 (b), due to the affinity of RE to react with Sr leading to Si particle coarsening, for example, in TE3S and TE9S alloys. It should be mentioned here that the addition of RE is associated with the decrease in the density of the eutectic Si particles especially in the Sr-modified alloys, reaching 4912 particles/mm 2 (TE9S alloy) instead of 45435 particles/mm 2 in the initial condition (TES alloy). The fact that the standard deviation is relatively high may be explained in terms of the nature of the Si particle nucleation and growth within each colony as shown in Figure 12 .
Eutectic Si Characteristics.
The above-mentioned demodification behavior of RE is well illustrated in Figures 13 and 14 
Additional Points
Summary. The results documented in the present study show that the use of the depression in the eutectic temperature as a function of alloy modification cannot be applied in the case when the alloy is treated with rare earth metals. Increasing the concentration of RE increases the solidification zone especially in Sr-modified alloys leading to poor feedability. This observation is more prominent in the case of Ce addition. Depending upon the amount of added Ti, two RE based intermetallics can be formed: (i) a white phase, mainly platelet-like (approximately 2.5 m thick), that is rich in RE, Si, Cu, and Al and (ii) a second phase in the form of grey sludge particles (star-like) branching in different directions. The grey phase is rich in Ti with some RE (almost 20% of that in the white phase) with traces of Si and Cu. There is a strong interaction between RE and Sr which leads to reducing the efficiency of Sr as a eutectic Si modifier, causing particle demodification. Figure 12 : Secondary electron image showing Si particles distribution within a colony in the TES alloy. Note the difference in Si particle size in going from the centre to the periphery, white arrows. 
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